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Abstract

Instability occurs in the electrokinetic flow of fluids with conductivity and/or permittivity
gradients if the applied electric field is beyond a critical value. Understanding such an
electrokinetic instability is significant for both improved transport (via the suppressed instability)
and enhanced mixing (via the promoted instability) of liquid samples in microfluidic applications.
This work presents the first study of Joule heating effects on electrokinetic microchannel flows
with conductivity gradients using a combined experimental and numerical method. The
experimentally observed flow patterns and measured critical electric fields under Joule heating
effects to different extents are reasonably predicted by a depth-averaged numerical model. It is
found that Joule heating increases the critical electric field for the onset of electrokinetic instability
because the induced fluid temperature rise and in turn the fluid property change (primarily the

decreased permittivity) lead to a smaller electric Rayleigh number.
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1 Introduction

Electrokinetic (EK) phenomena refer to the fluid flow (i.e., electroosmosis) and particle motion
(i.e., electrophoresis) in response to electric field [ 1,2]. They have been widely used in microfluidic
devices to pump [3], mix [4], trap [5], and separate [6] various types of liquid samples because of
the ease, precision and (potentially) autonomy of control [7,8]. This is attributed to the strictly
laminar and nearly plug-like EK flow with a linear dependence on electric field [9,10]. However,
the action of electric field upon fluid property (in particular, electric conductivity and permittivity)
gradients generates an electric body force, which, if sufficiently strong, may destabilize the EK
flow [11,12]. One such example is the so-called electrokinetic instability (EKI), which is induced
at the interface of the EK co-flow of two fluids with electric conductivity gradients [13]. It is
common to encounter two (or more) fluids with dissimilar ionic concentrations (and hence
different electric conductivity and/or permittivity values) in microfluidic applications such as
electrokinetic displacement [14] and mixing [15] of fluids. Therefore, understanding the principle
of EKI becomes significant for both an improved fluid transport via the suppressed EKI and an
enhanced fluid mixing via the promoted EKI [16]. This subject has been studied by various
research groups using experimental, theoretical and numerical approaches [17-27] since EKI was

demonstrated by the Santiago group [28].

However, the effects of Joule heating (JH) on EKI have been ignored in all previous studies.

JH is an inevitable phenomenon in EK microfluidic devices [29,30]. It results from the resistance



of the aqueous solution to electric current, which first elevates the fluid temperature and then heats
up the entire microchip through thermal diffusion [31,32]. The induced temperature gradients
cause non-uniformities to fluid viscosity (and hence species diffusivity), conductivity and
permittivity etc. due to their respective strong temperature dependences [33]. The immediate
consequence is a significantly increased sample dispersion and in turn a decreased electrophoretic
separation of species because of the distorted EK flow profile [3,9,34-36]. Moreover, the
interaction between thermally affected fluid properties and electric field leads to a similar electric
body force to that in the EKI [37]. The resulting electrothermal flow usually manifests itself in the
form of counter-rotating fluid circulations if JH effects are sufficiently strong in, for example,
insulator-based dielectrophoretic (iDEP) microdevices because of the locally amplified electric
field [38,39]. Such a flow has been found to weaken the dielectrophoretic focusing and trapping
of particles [40-44]. It, however, has been recently exploited to achieve a localized enrichment of

submicron particles near the insulating tips of a ratchet microchannel [45].

We present in this work a combined experimental and numerical study of JH effects on
electrokinetic flows with conductivity gradients. The objective is to understand if and how the
thermally modified electric body force may influence the formation and pattern of EKI. We choose
the EK co-flow of ferrofluid and water in a T-shaped microchannel as our system, for which the
EKI due to the electric conductivity mismatch has been previously investigated by our group with

the assumption of negligible JH effects [23,46]. Fluorescent labeling is not required in this system



as the interface between the opaque ferrofluid and transparent water can be directly visualized
under a bright-field microscope. The heat transfer condition on the lower substrate of the microchip
is varied in order to change the extent of JH effects. We also develop a depth-averaged numerical
model to simulate the effects of JH on EKI. The predicted flow patterns and critical electric fields
(for the onset of EKI) are compared with the experimental results. Moreover, the concept of electric

Rayleigh number, as defined in Chen et al. [16], is borrowed to characterize the JH effects on EKI.

2 Experiment

2.1 Microchip and fluids

A symmetric T-shaped microchannel was used in our experiment. It was fabricated using the
standard soft lithography technique, and the procedure was given elsewhere [23]. Figure 1 shows
the structure and dimensions of the microchip in both the top and cross-sectional views. Briefly,
the microchannel has two 100 um wide, 8 mm long side-branches that join into a 200 pm wide,
10 mm long main-branch with a measured depth of 50 um everywhere. It sits at the bottom side
of a 3 mm thick polydimethylsiloxane (PDMS) slab, and is sealed with a 1 mm thick glass slide
from below. The cylindrical inlet (two) and outlet (one) reservoirs are all through holes in the
PDMS slab with the diameters of 5.5 mm and 6.5 mm, respectively. They were made large to
reduce the influence of the hydrostatic pressure-driven backflow because of the liquid depletion
and buildup in the inlet and outlet reservoirs, respectively, during the run of tests. Ferrofluid was

prepared by diluting the original EMG 408 ferrofluid (Ferrotec Corp., 1.2% vol. of 10 nm diameter



magnetic nanoparticles) with deionized water (Fisher Scientific) to four concentrations, namely

0.1x, 0.2%, 0.3x and 0.4x by volume fraction.
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Figure 1. Top (left panel) and cross-sectional (right panel) views (not drawn to scale) of the
structure and dimensions of the microchip used in the experiment and simulation.

2.2 Fluid handling

Prior to experiment, all reservoirs were emptied. Equal volume of ferrofluid and water were
dispensed to fully fill the two inlet reservoirs, respectively. The outlet reservoir was then
completely filled with water to match the liquid height in the inlet reservoirs to remove the
pressure-driven flow. Three 0.5 mm diameter platinum wires were used as electrodes that were
inserted into the liquid in each reservoir. The two inlet electrodes were connected in parallel to a
DC power supply (Glassman High Voltage Inc.) while the outlet electrode was grounded. The flow
behavior of the ferrofluid/water interface was visualized at the T-junction of the microchannel
using an inverted microscope (Nikon Eclipse TE2000U, Nikon Instruments) under a bright-field

illumination. Digital images were recorded through a CCD camera (Nikon DS-Qi1Mc) at a rate of



around 15 frames per second. They were post-processed using the Nikon imaging software (NIS-

Elements AR 2.30).

2.3 Variation of the heat transfer condition

The heat transfer condition on the glass slide of the microchip was varied in the experiment to
change the extent of JH effects. Specifically, in the Isothermal mode, the bottom surface of the
glass slide was made to have a good contact with the large flat surface of the microscope stage,
and hence can be treated to remain approximately at the room temperature. This approximate
treatment has been validated in several recent works through the comparison between experiment
and simulation [32,45,46]. In the Convective mode, the microchip was lifted up from the
microscope stage by the use of a poorly conductive spacer at each end of the glass slide. Hence,
the bottom surface of the glass slide can be treated to expose to a natural convection. All other
surfaces of the microchip experience a natural convection in both heat transfer modes. Therefore,
JH effects are supposed to be stronger in the Convective mode than in the Isothermal mode because

of the poorer heat dissipation in the former.

3 Simulation
3.1 Depth-averaged governing equations
The effects of JH on EKI are simulated using a depth-averaged numerical model. The governing

equations for the involved electric, temperature, flow, and concentration fields [47,48] are



summarized below. The detailed process for the associated asymptotic analysis [49] is presented
in the Supporting Information.
Electric field, E:

Vy-(0E)=0 (1)
where Vy denotes the vector differential operator in the horizontal plane of the microchip, o is
the electric conductivity of the fluid, and E = —V¢ with ¢ being the electric potential.

Temperature field, T:
pCy (= +u-VyT) = Vyy - (kW) + oE2 = = (i + é) )
where p, C, and k are the mass density, heat capacity, and thermal conductivity of the fluid (or
PDMS substrate where E = 0), t is the time coordinate, u = u(u, v) is the two-dimensional
velocity vector in the horizontal plane, T, is the room temperature, and d is the half-depth of
the microchannel, In addition, Rys = thppys/kppus + 1/hes and Rys = thyiass/kgiass +
1/h,s are the equivalent thermal resistances of the upper PDMS and lower glass substrates per
unit area, where thppys and thg,ss are the thicknesses of the PDMS slab and glass slide, and
h:s and hyg are the natural convective heat transfer coefficients of the top and bottom surfaces
of the microchip, respectively. The second and third terms on the right hand side of Eq. (2)
represent the volumetric JH and surface heat dissipation through the upper/lower substrates of the
microchip, respectively. Note that h,gs = oo in the Isothermal mode as described in the
Experiment section. Also noted is that kppys in the definition of R, should be replaced with

the fluid thermal conductivity, kg, in the reservoirs.



Flow field, u:
Viru=0 3)
p (51 Vuu) = ~Vip + Vi - (uVu) +F, — % (u — o) @
where p is the hydrodynamic pressure, p is the fluid viscosity, ¢ is the fluid permittivity, f, =
Vy - (€E)E — %EZVHE is the electric body force that consists of the Coulomb and dielectric
components [50], and ugy = —&({,,, + (glaSS)E /2u denotes the average electroosmotic
velocity of the top PDMS and bottom glass walls of the microchannel with {ppys and {giass
being the zeta potentials of the corresponding walls. The last term in Eq. (4) accounts for the
influences of the microchannels’ top and bottom walls on the EK flow.

Concentration field, c:

ac 2 (u—ugg)[(u—ugg)-Vycl]
e +u- VHC = VH ' (DVHC) + EdZVH : EQ D Eo- “H (5)

where ¢ denotes the concentration of ferrofluid nanoparticles, and D is the diffusion coefficient

of ferrofluid nanoparticles. The last term accounts for the influence of the depth-wise fluid velocity.

3.2 Computational domain and boundary conditions

The computational domain covers the full-scale geometry in the horizontal plane of the microchip
(see the left panel in Figure 1). It is composed of the fluid sub-domain (within the
microchannel/reservoirs) for all the four transport fields, and the PDMS sub-domain for the
temperature field only. Figure 2 shows the meshed computational domain (the meshing parameters

will be explained in the next section) along with the boundary conditions. For the electric field in



Eq. (1): the two inlet electrodes (each treated as a 0.5 mm diameter hole in the reservoir) are
imposed with an equal electric potential ¢ = ¢;;, and the outlet electrode has ¢ = 0; all walls
of the microchannel and reservoirs are electrically insulated. For the temperature field in Eq. (2):
all electrodes are assumed to be isothermal at room temperature; the outer surfaces of the PDMS
sub-domain are imposed with a natural convection condition. For the flow field in Egs. (3) and (4):
all electrodes have a zero pressure and a non-slip condition; all walls of the microchannel and
reservoir are imposed with an electroosmotic slip velocity, U, = — &{ppysE/u, under the thin
electric double layer assumption [1,2]. For the concentration field in Eq. (5): all electrodes and
walls are non-penetrating. As to the initial conditions, the temperature of the whole microchip is
set to room temperature, and the fluid is set to be motionless. The concentration is set to ¢, and
0 for the ferrofluid and water halves of the fluid sub-domain, where ¢, is the dilution (or volume

ratio) of the original ferrofluid (e.g., ¢y = 0.3 for 0.3x ferrofluid).
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Figure 2. The meshed computational domain and boundary conditions for the depth-averaged
numerical model.

3.3 Numerical method and material properties

We used the commercial finite element software, COMSOL® 5.4, to develop the depth-averaged
model. The governing equations for the electric, temperature, flow, and concentration fields were
solved using the “Electric Currents”, “Heat transfer in Fluid”, “Laminar Flow”, and “Transport of
Diluted Species” modules, respectively. These equations are coupled through the temperature and
concentration dependences of the fluid’s electric conductivity [23,29],

o= [cafo + (1 - c)awo][l + B(T —Ty)] (6)

where ofy and 0y, are the electric conductivities of the ferrofluid and water at room temperature,
and [ is the temperature coefficient of electric conductivity. The permittivity and viscosity of the

fluid are each treated equal to that of water with the following temperature dependences [39-41],

e=¢gy[14+ a(T —Ty)] (7)
u= [2.761 x 10~6exp (%)] 8)

where g is the fluid permittivity at room temperature with a being the temperature coefficient.
It has been reported in several papers that the magnitude of zeta potential increases with fluid
temperature [51-53]. To account for this dependence, we employ the approximation that the
product of permittivity and zeta potential, £{, does not vary with temperature [51] for simplicity.
Other fluid properties including the density and heat capacity are assumed independent of fluid
temperature and concentration. The diffusion coefficient of ferrofluid nanoparticles is a function

of fluid temperature, D = Dy(Tuy/uT), which is obtained from the Stokes-Einstein equation
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with Dy = 1 x 107 m?/s being the assumed diffusivity at room temperature in order to reduce
the influence of numerical dispersion [54,55] and p, the room-temperature viscosity. The values
of the material parameters involved in the simulation are summarized in Table S1 of the Supporting
Information. The microchannel is meshed with square elements while the reservoirs and PDMS
are meshed with triangular elements (see the inset in Figure 2). A grid independence study (see
Fig. S1 in the Supporting Information) indicates that 20 elements in the channel half-width is
sufficient to ensure the accuracy of our model. Clemson Palmetto Cluster was used to solve the

model.

4 Results and discussion

4.1 JH effects on the concentration field

Figure 3 compares the experimentally and numerically obtained concentration fields in the EK co-
flow of 0.3x ferrofluid and water at the T-junction of the microchannel for the Isothermal and
Convective modes, respectively. All images are obtained 20 s after the electric field is applied. In
the Isothermal mode, no instability waves are observed at the interface of ferrofluid and water in
the experiment until the applied electric field is increased to 150.0 V/cm (termed the critical
electric field for the onset of EKI, calculated from the imposed 270 V voltage drop across the
overall 1.8 cm long channel). Further increasing the electric field enhances the EKI and can
generate chaotic waves under the electric field of 194.4 V/cm (and more) in the experiment. In

contrast, the periodic EKI waves do not occur in the Convective mode until a higher electric field
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of 169.4 V/em (corresponding to 305 V voltage drop, 13% greater than in the Isothermal mode) is
reached in the experiment. They remain stable but become apparently stronger with a greater wave
amplitude when the electric field is increased to 194.4 V/cm. The experimentally obtained
interfacial behaviors are reasonably simulated by the depth-averaged numerical model for both
heat transfer modes in Figure 3. Moreover, the predicted critical electric fields of 162.5 and 179.2
V/em for the onset of EKI closely match the experimental data, i.e., 150.0 and 169.4 V/cm, in the
Isothermal and Convective modes with an error of 8.3% and 5.7%, respectively. As we will show
in the next section, JH effects are much stronger in the Convective mode. Therefore, the observed
increase in critical electric field from the Isothermal to the Convective mode indicates a

suppressing effect of JH on EKI.
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Figure 3. Experimental (left column) and numerical (right column) images of the concentration
field in the EK co-flow of 0.3x ferrofluid and water at the T-junction of the microchannel in the
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Isothermal (A) and Convective (B) modes. The experimental and numerical images are all obtained
20 s after the indicated electric field is applied.

4.2 JH effects on other fields

To understand why JH stabilizes the EK flow, we further use the depth-averaged model to
investigate the other transport fields as well as the fluid property fields in the flow of 0.3x ferrofluid
and water for both the Isothermal and Convective modes. The greater critical electric field of 179.2
V/cm for the Convective mode is selected for the demonstration. All images are again obtained 20
s after the application of electric field. Figure 4 compares the predicted temperature contours in
the whole microchip in between the two heat transfer modes. The temperature increase is minimal
in the Isothermal mode (with a maximum value of 0.8 °C only) as expected because of the quick
heat dissipation through the isothermal glass slide that acts as a heat sink. In contrast, significant
temperature rise occurs in the Convective mode in both the ferrofluid side-branch (where the
maximum increase of 16.2 °C occurs) and the main-branch. This is because the JH generated in
the highly conductive ferrofluid (both before and after the mixing with water in the main-branch)
cannot be effectively dissipated through a purely natural convection. Therefore, strong temperature
gradients are formed in the fluid, particularly at the T-junction of the microchannel where the cold

water and hot ferrofluid first meet (see the inset on the bottom panel of Figure 4).
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Figure 4. Numerically predicted temperature field in the entire microchip for the EK co-flow of
0.3x ferrofluid and water in the Isothermal (upper panel) and Convective (lower panel) modes.
Both images are obtained 20 s after the critical electric field of 179.2 V/em for the Convective
mode is applied. The inset on the lower panel shows the zoom-in view of the temperature contour
at the T-junction of the microchannel.

As a consequence of the greater temperature elevation in the Convective mode, the electric
conductivity of the ferrofluid (in both the side-branch and main-branch) becomes significantly
larger than in the Isothermal mode as seen from the conductivity contours in Figure SA. This leads
to a slightly smaller electric field in the main-branch in the Convective mode because of the
conservation of electric current. Moreover, the electric field gradient in the main-branch also gets
weaker than in the Isothermal model as illustrated by the electric field contours and lines in Figure
5B. These variations along with the JH induced decrease in fluid permittivity (Figure 5C) cause an
apparently smaller electric body force, f,, in the Convective mode (see the length of the vector

arrows in Figure 5D). Therefore, the fluid velocity in the Convective mode exhibits a more
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homogeneous pattern (Figure SE), though at a higher magnitude than in the Isothermal mode
because of the JH induced decrease in fluid viscosity (Figure 5F). Another property of significance
to EKI is the diffusion coefficient, which, as seen from the contour in Figure 5G, increases with

JH effects and hence becomes larger in the Convective mode.
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Figure 5. Numerically predicted fluid transport and property fields for the EK co-flow of 0.3x
ferrofluid and water in the Isothermal (left column) and Convective (right column) modes: (A)
electric conductivity contour, (B) electric field contour and lines, (C) relative permittivity contour,
(D) electric body force vectors (the background shows the contour lines of ferrofluid
concentration), (E) velocity contour and lines, (F) viscosity contour, and (G) diffusivity contour.
All images are obtained 20 s after the critical electric field of 179.2 V/cm for the Convective mode

is applied.

The effects of JH on EKI via the fluid temperature rise and as well the temperature-induced
fluid property variations can be characterized by the electric Rayleigh number, which, as defined

by Chen et al. [16], is written as,
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€E%d?
ubD

Ra, = )
where I' = (y — 1)?/(y + 1)? with y being the conductivity ratio between the high and low
conductivity fluids, and the diffusion length in the original definition has been assumed equal to
the channel half-width for simplicity. As discussed by Chen et al. [16], Ra, controls the onset of
convective EKI. Considering the dependence of diffusion coefficient on the fluid viscosity in the
Stokes-Einstein equation, we may rewrite Eq. (9) as follows,

Ra, = 6nri—‘:$ (10)
where a = 5 nm is the radius of ferrofluid nanoparticles, and kg is the Boltzmann constant. As
JH causes an increase in the fluid temperature and in turn a decrease in the fluid permittivity and
electric field, the value of Ra, decreases requiring a higher electric field to drive the EKI. This
will, however, further strengthen the JH effects and hence render an even higher electric field for
the onset of EKI, which may imply the cessation of EKI under a sufficiently strong JH. In other

words, JH has a stabilizing effect on the EK flow, which is consistent with a previous theoretical

analysis [56].

4.3 JH effects at varying ferrofluid concentrations

Figure 6A shows the effect of ferrofluid concentration on the critical electric field for the onset of
EKI in both the Isothermal and Convective modes. JH effects are insignificant in the Isothermal
mode, for which the experimentally measured critical electric field decreases with the increase of

ferrofluid concentration. This trend is consistent with previous studies [16,23,47] because of the
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enhanced electric conductivity ratio and hence increased I' in the definition of Ra,. In contrast,
the experimentally measured critical electric field in the Convective mode shows a first decrease
and then increase trend in Figure 6A when the ferrofluid concentration is increased from 0.1x to
0.4x. This is because the JH effects become increasingly strong as illustrated by the predicted
higher fluid temperature in Figure 6B, which along with the decreased fluid permittivity may
counter-balance the enhanced conductivity ratio necessitating a higher critical electric field. The
observed variation of critical electric field with ferrofluid concentration is properly simulated in
both heat transfer modes. The slight over-prediction (less than 15% for all cases illustrated in
Figure 6A) is believed to result from the simple averaging of the governing equations in the
channel depth direction, which, as pointed out in our earlier paper [47], tends to overly consider

the stabilizing effect from the top/bottom walls.
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Figure 6. Effect of ferrofluid concentration on the EK co-flow of ferrofluid and water in the
Isothermal and Convective modes: (A) experimentally (symbols with error bars) and numerically
(solid lines) obtained critical electric field for the onset of EKI; (B) predicted critical electric
Rayleigh number Ra, (solid lines) and fluid temperature (averaged over the channel width in the
middle of the main-branch for the Convective mode only, dashed line). Note that the average fluid
temperature in the Isothermal mode is less than 294 K in all cases and hence not shown in (B).

Figure 6B also shows the plot of the critical Ra, for the onset of EKI, which is calculated
using Eq. (10) with the numerically predicted critical electric field and the corresponding fluid
temperature. The value of the critical Ra, in the Convective mode is larger than that in the
Isothermal mode at each ferrofluid concentration, which matches the relationship for the critical
electric field. However, the relative difference between the predicted critical Ra, in the two heat
transfer modes remains marginal, and increases from (nearly) 0% in 0.1x ferrofluid to around 15%

in 0.4x ferrofluid. The absolute value of the critical Ra, in each heat transfer mode decreases
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with the increase of ferrofluid concentration, or alternately the conductivity ratio. This trend
appears to be consistent with the observation of Chen et al. [16]. Moreover, similar to the analysis
of both Chen et al. [16] and Navaneetham & Posner [21], our predicted onset conditions for EKI
in all the tested ferrofluids seem to not deviate significantly from a critical Ra, of approximately

2500.

5 Concluding remarks

We have conducted a combined experimental and numerical study of JH effects on the
electrokinetic flow of ferrofluid and water through a T-shaped microchannel. The extent of JH is
varied by changing the heat transfer condition on the bottom surface of the microchip from
Isothermal to Convective. The critical electric field for the onset of EKI in the Convective mode
is found to be higher than that in the Isothermal mode at each concentration of the ferrofluids tested
because of the impact of the thermally modified electric body force. Moreover, it exhibits a non-
monotonic variation with the increase of ferrofluid concentration, dissimilar to the decreasing trend
in the Isothermal mode. These differences result from the stronger JH effects in the Convective
mode that cause both a higher temperature rise in the fluid and a greater change of fluid properties.
We have also developed a depth-averaged numerical model, which proves sufficient to predict the
observed EK flow patterns and critical electric fields in all cases with a reasonable agreement.

Moreover, we have used the electric Rayleigh number, Ra,, to explain the effects of JH on EKI.
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It is primarily the combination of the increased temperature and decreased permittivity of the fluid

that causes a reduction of Ra, and hence requires a higher electric field to render EKI.
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